A grommet, made of ethylene propylene diene methylene (EPDM) rubber, is an integral part used for fixing and protecting the wire inserted from the outside to the inside of vehicles. Rubber compounds exhibit various mechanical properties and vulcanization characteristics depending on the accelerator mixing ratio. These mechanical properties affect the insertion and detachment forces when the grommet is manufactured and fixed to the vehicle body. In this study, we experimentally analyzed the changes in the properties of EPDM rubber depending on the vulcanization accelerator to improve the mounting performance of the grommet, and subsequently derived the optimum accelerator mixing ratio. We implemented a mixture design strategy to derive the optimum mixing ratio for obtaining the desired mechanical properties and vulcanization characteristics. The insertion and separation forces of the existing grommet were compared with those of the grommet fabricated using the derived mixing ratio and we found that the mounting performance was improved compared to the existing grommet.
Introduction
The last few decades have seen the development of a wide variety of elastomers (rubber materials) for application to diverse fields. Fluororubber (a fluorocarbon elastomer), a special type of elastomer with excellent thermal and chemical resistance, is used in packing missiles and rockets. Silicones are used as materials for medical devices and electrical insulation owing to their non-toxic, weather-resistant, heat-resistant, and cold-resistant properties [1] [2] [3] . Ethylene propylene diene methylene (EPDM) rubber exhibits excellent ozone resistance but poor oil resistance, and it cannot be used in applications wherein it comes into contact with oil [4, 5] . A grommet is one of many products made using EPDM rubber, and it is one of the main parts of automobiles that fixes and protects the wire harness from the outside to the inside of the vehicle [6] . A grommet is manufactured via injection molding of EPDM rubber, and the mounting force is changed according to the mechanical properties of EPDM [7, 8] . The mounting force can be divided into the insertion force generated when the grommet is mounted on the car panel and the detachment force generated when the grommet is released. In the automobile industry, the insertion force is set to 98 N or less for ease of operation and efficiency, and the release force is set to 69 N or more to prevent the grommet from getting displaced. Various studies on grommets are underway. Kim et al. reported that the mounting force was changed according to the grommet shape, and derived the shape of the grommet required to improve the mounting performance [9] . Hans et al.
reported that nonlinear material constants were derived from the nonlinear material properties of the grommet, and nonlinear analysis was carried out to analyze the behavior [10] . In this study, the effect of the vulcanization accelerator on the EPDM was investigated and a grommet was manufactured to compare the insertion and detachment forces.
Here, we remark that the mechanical properties of rubber are considerably influenced by the choice of the vulcanization accelerator, and the vulcanization characteristics vary widely depending on the type and mixing ratio of the accelerator [11] . Moreover, natural rubber and synthetic rubber exhibit different reactions to the same accelerator, which may act as an ultra-rapid accelerator for the former and a retardant for the latter [12, 13] . While several studies have been carried out to examine the properties and effects of general accelerators [14] , very few studies have focused on deriving or estimating the optimum accelerator mixing ratio via efficient and systematic experiments for realizing desirable, application-specific mechanical properties of rubbers [15, 16] .
In our study, the blending ratio of the EPDM and the vulcanization accelerator was optimized to improve the mounting ability of the grommet. We experimentally analyzed the changes in the properties of the EPDM rubber depending on the vulcanization accelerator and derived the optimum mixing ratio. Using the mixture design strategy, we derived the optimum accelerator mixing ratio. Experiments were conducted to validate the formulation derived from the mixture design strategy [17] [18] [19] [20] . The grommet was manufactured based on the derived blending ratio and the mounting performance was improved compared to the existing grommet.
Experimental Procedures

Test Specimen Preparation
In this experiment, we used carbon master batch (CMB) (Kumho Polychem., Seoul, Korea), S (sulfur) (specific gravity = 1.53) and accelerators. CMB was prepared by compounding EPDM KEP960N (F) (Mooney viscosity = ML (1 + 8) of 49 at 125 • C, ENB (ethylidene norbornene) content = 5.7 wt%, ethylene content = 70 wt%, extender oil = 50 PHR) (Kumho Polychem., Seoul, Korea) with zinc oxide, carbon black, distillates (petroleum), and hydrotreated heavy paraffinic (Nexen corp, Siheung, Korea) in different proportions. We used the following five different accelerators: the thiazole-based accelerators MBT (2-mercaptobenzothiazole) (specific gravity = 1.25) and DM (dibenzothiazyl disulfide) (specific gravity = 1.26); the guanidine-based accelerator DPG (diphenylguanidine); the thiuram-based accelerator TRA (dipentamethylenethiuram tetrasulfide) (specific gravity = 1.22); and the dithiocarbamate-based accelerator BZ (zinc di-n-butyl dithiocarbamate) (specific gravity = 1.07). Among the accelerators used in this experiment, DPG was obtained from Gteen Chemtech Co. Ltd., Seoul, Korea and the remaining accelerators and sulfur were supplied by Wooshin Chemical Co. Ltd., Pyeongtaek, Korea. Given the sensitivity of raw rubber to temperature, we carried out our specimen preparation and experiments in a constant environment (temperature: 25 ± 5 • C; humidity ≤60%). The raw rubber was left for 24 h after kneading and vulcanizing, and acclimatized to the lab temperature for over 1 h prior to experiments. Roll mixing was performed using a standard-sized roller as per ISO 2393 standards [21] under the following roll mixing conditions: roll diameter = 152.4 mm, roll speed ratio = 1:1.4, and a roll interval of 10 ± 3 mm. Roll mixing of each sample was performed in the following order: rotation of CMB raw rubber for 5 min, addition of accelerator and rotation for another 5 min, gathering of kneaded raw rubber, mixing of the accelerator via triangular folding. To prevent rubber scorching due to friction-induced roller-surface temperature rise, we performed roll mixing in cycles involving 30 min of roll mixing and 10 min of cooling at room temperature while maintaining the roller surface temperature at ≤40 • C.
Test Method for Mechanical Property Analysis
Specimens for hardness testing were fabricated as a compression molding as per KS M 6518 standards [22] (Ø29 × 12.7 ± 0.13 mm) by vulcanizing the mixed rubber sample at 180 • C for 900 s using a rubber molder. The hardness of the mixed rubber was measured in accordance with the hardness testing procedure based on spring force as per KS M 6518. The experimental environment was maintained constant (temperature: 25 ± 5 • C; humidity ≤60%). After positioning the Shore A hardness tester perpendicular to the lateral part of the specimen, we measured the specimen hardness by applying a load of 1 kg via a lever.
Next, we fabricated dumbbell #3 specimens to measure the tensile strength and elongation of the mixed rubber. To prepare these specimens, we vulcanized square-shaped mixed rubber samples (150 × 150 × 2 mm) at 180 • C for 600 s as specified in ISO 2393, and we cut them into the dumbbell #3 shapes. We measured the tensile strength (MPa) and elongation (%) of each specimen using a universal testing machine. For the calculation of tensile strength and elongation, we measured the maximum load at a testing speed of 500 mm/min, as per KS M 6518. The experiment was performed under the same conditions as before (temperature 25 ± 5 • C and humidity ≤60%).
Test Method for Analysis of Vulcanization Characteristics
We measured the vulcanization characteristics of EPDM rubber in accordance with KS M 6687 using an oscillating-disc rheometer [23] . Of the various measurement values acquired with the rheometer, we selected T MAX (maximum torque value (Nm)), TC 10 (the point in time (s) when T MIN is 10% of T MAX), and TC 90 (the point in time (s) when T MIN is 90% of T MAX) for the analysis of the vulcanization characteristics. A constant experimental environment was maintained (temperature: 25 ± 5 • C; humidity ≤60%). The mixed rubber sample was cut into a flat square (30 × 30 × 5 ± 1 mm) and positioned at the center of the rheometer. The measurement was performed at 180 • C for 15 min.
Experimental Analysis
Mixture Design
Mixture design is an experimental design strategy for mixing multiple components to create a compound to identify the effect of individual components on the reaction variables and to derive the optimum mixing ratio [24] [25] [26] [27] . Let xi represent the ratio of the n-th component in a compound consisting of q components. These components (n = q) have the following constraints:
Among various mixture designs, we used the extreme vertices design considering the lower and upper limits of the components. Extreme vertices designs are mixture designs that cover only a sub-portion or smaller space within the simplex. Designs for these experiments are useful because many product design and development activities in industrial situations involve formulations or mixtures. The presence of both lower and upper bound constraints on the components often creates this condition. The goal of an extreme vertices design is to choose design points that adequately cover the design space [28] . We implemented mixture design using Minitab to identify the optimum mixing ratios of the components: CMB, S, and accelerators.
Based on the mixing ratio of the existing grommet, we configured the seven mixture variables that were considered in the experiment to add up to 1000 g while satisfying the constraints (upper and lower limits) presented in Table 1 , with the input amount of each component set at ±20%. We obtained the design matrix of the extreme vertices design, which allows estimation up to the second term of the model. Axial points were added to the extreme vertices design based on the center point, and the seven design points were used to compute 139 mixing ratios. Each measurement was repeated twice to reduce the standard deviation and error. 
Analysis of Characteristics
Next, we analyzed the mechanical properties and vulcanization characteristics resulting from the mixture design. Hardness, tensile strength, and elongation were analyzed as the mechanical properties; we analyzed the mixing-ratio-dependent vulcanization characteristics after measuring parameters T MAX, TC 10, and TC 90. The Cox response trace plot was used to analyze the results of the experiments performed based on the mixture design. The trace curves of the Cox response trace plots depict the effect of changing the ratio of the corresponding component along an imaginary line connecting the reference blend to a vertex. These curves are useful in cases where it is difficult to identify the response using contour or surface plots because the compound has four or more components. A short response trace points to a small proportion of the component. Further, the greater the effect of a component, the steeper the slope of the trace. Figure 1 shows the Cox response trace plots representing the mixture-ratio-dependent mechanical properties. Figure 1a depicts hardness as a function of the mixing ratio; we note that S exerts the greatest effect on hardness, followed by the accelerators DPG and TRA. Figure 1b shows the response trace plots for tensile strength, on which S again exerts the greatest influence, followed by TRA. Figure 1c shows the response trace plots for elongation; in this case, S strongly influences elongation, but in an inverse manner, contrary to the cases of hardness and tensile strength. 
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Mixing Ratio Optimization Setup
In addition to the above experiments, we performed experiments to derive the optimum mixing ratio for satisfying the mechanical properties and vulcanization characteristics based on the experimental results obtained by applying the mixture design strategy. Table 2 lists the target values, upper and lower limits, and weights. These were employed for manufacturing a car grommet. The hardness and tensile strength of the grommet are the factors influencing the insertion force. TC 10 is an important value for scorch management and TC 90 is used for predicting the final curing time and setting the target values given in the table. To test the validity of the derived mixing ratio and conditions, we performed additional experiments. For the validation experiments, we mixed the sample at the set mixing conditions and measured the hardness, tensile strength, and elongation, employing the same experimental methods as above; we also analyzed the vulcanization characteristics. Each validation experiment was To test the validity of the derived mixing ratio and conditions, we performed additional experiments. For the validation experiments, we mixed the sample at the set mixing conditions and measured the hardness, tensile strength, and elongation, employing the same experimental methods as above; we also analyzed the vulcanization characteristics. Each validation experiment was repeated four times. The analysis of the results yielded a maximum error of 8.9% relative to the predicted values, as indicated in Table 3 . 
Grommet Making and Testing
A grommet was fabricated using compounded rubber according to the derived ratio. The grommet produced was a bellows-type grommet [9] . The temperature of the grommet was kept at 180 • C for 900 s. Three grommets with the existing formulation and three with the formulation derived through mixture design were fabricated under the same processing conditions. The manufactured grommet was a test standard for use in vehicle wiring required by the automobile industry. Figure 4a shows the conceptual diagram of the bellows-type grommet. Figure 4b shows the panel fixing jig for the grommet mounting experiment. To measure the mounting force, the wire holding part was fixed using fixing tape to the universal testing machine and the wire was pulled until the grommet was firmly fitted to the steel plate. Force was applied until the grommet was fitted in the panel and when being released. The speed of the universal testing machine head was 50 mm/min to measure the insertion and withdrawal forces. Figure 5 shows the measurement of the insertion and separation forces. Figure 5a is a photograph showing a grommet mounted on a jig to measure the insertion force of the grommet and shows a process in which the grommet is inserted before being pulled and the grommet is stretched. Figure 5b shows the drawing of the grommet to pull out the grommet with the grommet inserted into the plate initially to measure the separation force. To measure the mounting force, the wire holding part was fixed using fixing tape to the universal testing machine and the wire was pulled until the grommet was firmly fitted to the steel plate. Force was applied until the grommet was fitted in the panel and when being released. The speed of the universal testing machine head was 50 mm/min to measure the insertion and withdrawal forces. Figure 5 shows the measurement of the insertion and separation forces. Figure 5a is a photograph showing a grommet mounted on a jig to measure the insertion force of the grommet and shows a process in which the grommet is inserted before being pulled and the grommet is stretched. Figure 5b shows the drawing of the grommet to pull out the grommet with the grommet inserted into the plate initially to measure the separation force. Figure 6 shows that the insertion force and the separation force of the newly manufactured grommet were reduced compared to the conventional grommet, and the value satisfies the reference value. Figure 6a shows that the average maximum insertion force was 114.98 N in the case of the conventional grommet-16.98 N higher than the reference value of 98 N. In the case of the grommets fabricated using the optimized compounding ratio, the maximum load average was 65.33 N, which was lower than the standard by 32.67 N. This means that the mounting performance improved when the grommet was inserted into the panel. In addition, Figure 6b shows a measurement graph of the separation force. The average maximum load of the separation force decreased from 160.06 N for the conventional grommet to 96.67 N for grommets fabricated using the optimized compounding ratio, which is higher than the reference value of 69 N.
Analysis of Grommet Mountability
Result Analysis
(a) (b) Figure 6 . Results of the insertion and separation forces: (a) insertion force and (b) separation force.
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In this study, to improve the mounting performance of grommets, we performed various experiments to analyze the properties of EPDM rubber depending on the type of accelerator used and derived the optimum mixing ratio. After quantifying the effects of accelerators on EPDM rubber, we analyzed the mechanical properties and vulcanization characteristics resulting from the use of five different accelerators. Regarding the mechanical properties, we analyzed the hardness, tensile strength, and elongation, which were most influenced by the S content. The accelerator that exerted 
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In this study, to improve the mounting performance of grommets, we performed various experiments to analyze the properties of EPDM rubber depending on the type of accelerator used and derived the optimum mixing ratio. After quantifying the effects of accelerators on EPDM rubber, we analyzed the mechanical properties and vulcanization characteristics resulting from the use of five different accelerators. Regarding the mechanical properties, we analyzed the hardness, tensile strength, and elongation, which were most influenced by the S content. The accelerator that exerted the greatest effect on the mechanical properties was TRA. TRA also exerted the greatest effect on the vulcanization characteristics, followed by BZ.
We applied the mixture design as a strategy to achieve mixing ratio optimization, with the aim of obtaining the desired mechanical properties and vulcanization characteristics. Based on the results, 
Conclusions
We applied the mixture design as a strategy to achieve mixing ratio optimization, with the aim of obtaining the desired mechanical properties and vulcanization characteristics. Based on the results, we analyzed response traces depending on the mixing ratio and derived the optimum mixing ratio. The grommet was fabricated using the derived mixing ratio, and the insertion and separation forces were compared and analyzed. The comparison confirmed that the insertion force decreased by 43.2% and the separation force decreased by 29.2% compared to the conventional grommet. The insertion and separation forces corresponded to the reference values; the mounting force improved when the grommet was fabricated using the derived mixing ratio and mounted on a car panel.
